
For more than a quarter of a century,
we have searched for a “trigger” of type
1 diabetes mellitus (T1DM) — an envi-
ronmental agent or event that initiates
the autoimmune response. Epidemio-
logical evidence suggests that one
exists (1): the concordance rate of dia-
betes in identical twins is <50%; there
is seasonal variation in disease presen-
tation, suggesting a viral trigger; and
feeding practices, including infant
diets, vitamins, and/or breast feeding,
appear to modify disease occurrence
(2–4). Indeed, one antigen associated
with the disease, amino acids 247–279
of glutamic acid decarboxylase-65
(GAD65) shares sequence homology
with P2-C protein of coxsackie B, a
suggested viral initiator of diabetes (5).
In transgenic mice, when the lympho-
cytic choriomeningitis virus (LCMV)
glycoprotein antigen is expressed on β

cells, LCMV infection induces autoim-
mune diabetes (6). Yet despite the con-
tinuous search, a foreign agent that is
causative has not emerged. Instead, the
identified antigens, including GAD65,
proinsulin, insulin, insulinoma-asso-
ciated-2 (IA-2), and others, are normal
proteins found in all individuals. One
possible explanation for the occur-
rence of autoimmune responses is that
the T cell repertoire of patients with
diabetes includes autoreactive clones
that have escaped thymic deletion to
islet proteins including proinsulin,
GAD65, and others.

Models to explain autoimmunity
have focused on regulation 
of peripheral T cell responses
One possible explanation for the occur-
rence of autoimmune responses is that
the T cell repertoire of patients with dia-
betes includes autoreactive clones that
have escaped thymic deletion to islet
proteins, including proinsulin. These
proteins, generally thought to be islet
specific, are also expressed in the thy-
mus. In fact, one report has described
higher expression of insulin mRNA in
the thymuses of individuals with insulin
variable numbers of tandem repeats
associated with protection from dia-
betes (7). These investigators postulate
that higher insulin expression in the thy-
muses of disease-protected subjects may
lead to deletion of autoreactive cells.

However, animal models, in which
antigen expression is limited to islet
cells, have not supported the concept
that the escape of “forbidden clones”
alone is sufficient to account for
autoimmunity (8). Peripheral mecha-
nisms of T cell activation and regulation
control autoimmune responses even in
the presence of autoreactive T cells.

Much interest has focused on the
phenotype of the T cell response that
differentiates after activation, as most
autoimmune T cell responses are
polarized toward a Th1 phenotype,
and Th2 responses are thought to be
protective (9). This explanation alone
does not account for protection from
autoimmunity, because in certain sit-
uations, when transferred into an
immune-deficient mouse, Th2 cells
thought to be protective can cause dia-
betes (10). In addition, protection
requires more than a single Th2 cell; it
takes a “village.” When the T cell reper-
toire has been restricted experimental-
ly, even conditions that favor Th2
development can result in disease (11).
These findings and others from sever-
al animal models of T1DM suggest
that the differentiation of a large num-
ber of cells that are recruited to an
inflammatory response toward a non-
pathogenic phenotype is an effective
means of controlling autoimmune
responses. In experimental systems,
controlling the phenotype of the effec-
tor cell itself may not be sufficient to
regulate the response.

A more potent means of regulating
immune responses involving regulato-
ry T cells has been studied intensively
(12, 13). Certain regulatory T cells,
such as CD4+CD25+ T cells, are pres-
ent constitutively, whereas others,
including a subpopulation of regula-
tory T cells (Tr1 cells) that produce 
IL-10 and IFN-γ, as well as subpopula-
tions of CD8+ cells including those
reactive with class Ib MHC molecules
and others that express low levels of
CD28, are induced following cell acti-
vation (14, 15). These cells appear to be
very potent in their actions. Ratios of
regulatory:effector CD4+ T cells as low
as 1:20 have been found to inhibit
antigen-specific responses.
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A study in this issue of the JCI shows that in response to autoantigens
consisting of peptides from normal proteins, patients with diabetes
mount a T cell response characterized by production of IFN-γ (see the
related article beginning on page 451). However, in response to these
same antigens, T cells from normal control subjects produce IL-10. The
antigen-specific response characterized by release of a regulatory
cytokine suggests a mechanism for the control of autoimmunity that is
initiated at the time of antigen presentation.
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IL-10 as a mediator 
of T cell regulation
A frequent finding among many but
not all regulatory T cells is the produc-
tion of IL-10 (16). IL-10 can inhibit Th1
and Th2 responses, as well as the matu-
ration of antigen-presenting dendritic
cells, suggesting a central role for this
cytokine in immune regulation. CD4 or
CD8 cells repeatedly stimulated with
immature dendritic cells can become
Tr1 cells: regulatory T cells that pro-
duce high levels of IL-10 and moderate
amounts of TGF-β. Importantly, acti-
vation of CD4+ T cells in the presence of
IL-10 results in the generation of T cell
clones that produce IL-10, IFN-γ, 
TGF-β, and IL-5, which have inhibitory
effects on autologous naive T cells.

Control of the specificity 
of regulatory T cells
The identification of subsets of regu-
latory T cells has provided a mecha-
nism for immune modulation, but an
important, as-yet-unanswered ques-
tion has been whether the regulatory
cells are antigen specific and how
specificity is maintained. Uncon-
trolled nonspecific immune suppres-
sion would be as problematic as its
absence. In most examples, the
effects of the regulatory cells have
been demonstrated by their addition
to an ongoing immune response. In
these models, the immune regulation
is not antigen specific but is a feature
of the experimental system. For
example, the inhibitory effects of
CD4+CD25+ T cells in the NOD
mouse are observed because the
NOD mouse exhibits an autoim-
mune response rather than because
the regulatory T cells have specificity
for diabetogenic T cells (17). Fur-
thermore, soluble factors such as 
IL-10 or TGF-β that are thought to
mediate immune regulation are not
necessarily specific in their targets.
Therefore some means of localizing
the regulatory activity to the sites of
antigen recognition are needed.

The observations in the report by
Arif et al. (18) in this issue of the JCI
suggest a mechanism for specificity of
immune regulation. The authors
identified a panel of peptides from 
IA-2 and proinsulin that is naturally
processed and presented by human

leukocyte antigen-DR4 (HLA-DR4).
Their aim was to identify epitopes
unique to proinsulin, which is the
only autoantigen that, outside of the
thymus, is localized exclusively to β
cells. The IFN-γ responses to com-
bined proinsulin and IA-2 peptides
allowed the researchers to discrimi-
nate between T1DM patients and con-
trol subjects. An IFN-γ response to at
least one peptide was observed in 72%
of T1DM patients, compared with

only 7% of nondiabetic control sub-
jects. Moreover, the cells from the con-
trol subjects did not produce an IFN-γ
response to the proinsulin peptides.
Unexpectedly, 64% of the nondiabetic
control subjects showed an IL-10
response to the IA-2 peptides, versus
29% of patients with T1DM, and there
was a similar frequency of response to
proinsulin peptides in control sub-
jects and diabetic patients. Whether
the IL-10–producing cells function as
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Figure 1
Immune regulation at the site of antigen presentation. The findings of Arif et al. (18) suggest
that the same endogenous peptides activate T cells in patients with T1DM and normal non-
diabetic individuals. However, the pathways of differentiation in patients in whom autoim-
munity develops and normal individuals in whom autoimmunity is arrested are different. Fol-
lowing engagement of the TCR with antigen in the context of (in the case of CD4+ T cells)
MHC class II and costimulatory molecules, naive T cells (light blue) from normal individuals
differentiate into cells characterized by production of IL-10 (light red). Because of the
immune regulatory properties of IL-10 as well as other cytokines that may be made with it
(such as TGF-β), the cells that mediate an autoaggressive immune response (dark blue) are
inhibited at the site of antigen presentation. However, the findings of Arif et al. suggest that
in patients with autoimmune diabetes, there is instead induction of a predominant number
of T cells that produce IFN-γ and IL-2 that characterize the autoaggressive immune response
and a small number of IL-10–producing T cells.

 



immune regulators in healthy con-
trols and prevent the induction of
autoantibodies in vivo is not known,
but an implication of this finding is
that they do so by imparting local
immune regulation through the elab-
oration of IL-10 (Figure 1). IL-10 is a
likely regulatory cytokine and would
thus affect the cells recruited to the
inflammatory site. The specificity of
the immune regulation is imparted by
the specificity of the responding T
cell’s T cell receptor (TCR).

The findings also imply that a dif-
ference between healthy subjects and
T1DM patients is not in the repertoire
of T cells but is in the pathways of dif-
ferentiation activated in response to
antigen (18). A likely scenario sug-
gested by Cobbold et al. (19) is that
sustained but incomplete signaling or
altered signaling of T cells generates T
cells of a regulatory phenotype char-
acterized by production of cytokines
that regulate other immune cells,
most importantly IL-10 and/or TGF-β
(TGF-β responses were not shown in
the study by Arif et al.). Because T cells
localize to the site of antigen presen-
tation and are activated there by
engagement of the TCR and costimu-
latory molecules, recruit other T cells,
and affect the differentiation of the
recruited cells, these cells obstruct the
function of competent Th1 and cyto-
toxic T cells in a scenario called the
“Civil Service” model of immune reg-
ulation (19). It is likewise intriguing
that individuals with onset of T1DM
at older ages had a combination of 
IL-10 and IFN-γ responses to the anti-
gens and as a group have been
described to have a slower rate of 
disease progression than younger
patients in whom C-peptide (a
byproduct of endogenous insulin pro-
duction that is released on the same
equimolar basis as insulin) is general-
ly undetectable after 5 years of disease.
The techniques used by Arif et al. did
not allow for assessment of quantita-
tive differences in responses to the
antigens, so the full extent of differ-
ences in cytokine production between
individuals with different rates of dis-
ease progression cannot be entirely
determined, but the qualitative 
differences suggest the mechanism
described above.

opment. Thus, these new findings con-
cerning the responses of normal indi-
viduals and patients with T1DM to
autoantigens shed light on the differ-
ences in immune responses between
these two groups and the mechanisms
of pathogenesis of the disease. The
findings suggest ways in which regula-
tion of the autoimmune response
occur and offer approaches to immune
therapy that may induce immune
modulation and ultimately tolerance,
the immunologist’s “Holy Grail.”
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T cell activation pathways may
account for activation 
of regulatory cells
How and why T cell activation path-
ways differ between normal individuals
and those with autoimmunity will
require careful consideration of the
parameters involved in immune activa-
tion, including characteristics of anti-
gen-presenting cells, costimulatory sig-
nals, features of the antigen-presenting
molecules, TCR avidity, and others
under investigation. The thymus is not
cleared of blame, as TCR affinities for
antigen in the cells from normal indi-
viduals and patients with T1DM were
not compared but may be very differ-
ent and may account for differences in
the responses between patients and
normal controls. Other differences in T
cell activation events, as well as differ-
ences in antigen presentation, may be
involved. Barrat et al. (20) have recent-
ly shown that treatment with vitamin
D3 and dexamethasone at the time of
TCR stimulation induces IL-10–pro-
ducing regulatory T cells that exert
positive feedback to enhance IL-10 pro-
duction but reduce the differentiation
of Th1 and Th2 T cells and can subse-
quently inhibit experimental autoim-
mune encephalomyelitis. We found
CD4+IL-10+ T cells that may have a
similar inhibitory function in
patients that had been treated with
the anti-CD3 monoclonal antibody
hOKT3γ1(Ala-Ala), which delivers a
suboptimal T cell activation signal
(21). In addition, the findings ob-
tained with these particular ubiqui-
tously expressed autoantigens may
not be the same with all autoantigens.

Insights for immunotherapy
These new findings described by Arif et
al. (18) suggest an approach for con-
trolling immune responses at the site
of antigen presentation. An analogous
approach is used by the Epstein Barr
virus in which viral IL-10 production
enables the virus to evade a host-spe-
cific immune response (22). Expression
of immune-regulatory cytokines in T
cells that recognize autoantigens and
home to sites of antigen presentation
is a specific approach that is analogous
to the naturally occurring mechanisms
described by Arif et al.; techniques to
cause such expression are under devel-
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How do mutations in lamins 
A and C cause disease?
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Mutations in lamins A and C, nuclear intermediate-filament proteins
in nearly all somatic cells, cause a variety of diseases that primarily
affect striated muscle, adipocytes, or peripheral nerves or cause fea-
tures of premature aging. Two new studies (see the related articles
beginning on pages 357 and 370) use lamin A/C–deficient mice, which
develop striated muscle disease, as a model to investigate pathogenic
mechanisms. These reports provide evidence for a stepwise process in
which mechanically stressed cells first develop chromatin and nuclear
envelope damage and then develop secondary alterations in the tran-
scriptional activation of genes in adaptive and protective pathways.
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Table 1
Diseases caused by mutations in lamins A and C

Striated muscle diseases (cardiomyopathy with variable skeletal muscle involvement)
Autosomal dominant Emery-Dreifuss muscular dystrophy (no. 181350)
Autosomal recessive Emery-Dreifuss muscular dystrophy (no. 604929)
Cardiomyopathy dilated 1A (no. 115200)
Limb-girdle muscular dystrophy type 1B (no. 159001)

Partial lipodystrophy syndromes (with or without developmental abnormalities)
Dunnigan-type familial partial lipodystrophy (no. 151660)
Lipoatrophy with diabetes, hepatic steatosis, hypertrophic cardiomyopathy, and
leukomelanodermic papules (no. 608056)
Mandibuloacral dysplasia (no. 248370)

Peripheral neuropathy
Charcot-Marie-Tooth disorder type 2B1 (no. 605588)

Premature aging syndromes
Hutchinson-Gilford progeria syndrome (no. 176670)
Atypical Werner syndrome (no. 277700 for Werner syndrome)

Additional information and original references can be found within ref. 5 and at the Online Mendelian Inher-
itance in Man database (OMIM; ref. 19). OMIM entry numbers are given in parentheses.

The nuclear lamina is a meshwork of
intermediate filaments, primarily
localized on the inner aspect of the
inner nuclear membrane, that forms
from polymerization of proteins called
lamins (1–3). In humans, two genes
encode B-type lamins, which are con-
stitutively expressed in somatic cells.
LMNA (Lmna in mice) encodes devel-
opmentally regulated A-type lamins,
including the major somatic cell iso-
forms lamins A and C (4).

Since 1999, mutations in LMNA
have been shown to cause several dif-
ferent inherited diseases (Table 1).

Some, such as Emery-Dreifuss muscu-
lar dystrophy (EDMD) and Dunnigan-
type familial partial lipodystrophy
(FPLD), are rather tissue-specific (5).
Others, such as Hutchinson-Gilford
progeria syndrome, which is caused by

a unique mutation in lamin A (6, 7),
are more generalized. Before these dis-
coveries, the predominant functions of
lamins A and C were thought to be to
provide mechanical support to the
nucleus and to anchor “silent” hete-
rochromatin to the inner nuclear
membrane. The discoveries linking
lamins A and C to inherited disorders
have led to a new question: How do
mutations in these proteins, expressed
in nearly all differentiated somatic
cells, cause different diseases, some of
which are tissue-specific?

Mechanical stress versus 
gene expression
Investigators in the field have pro-
posed two nonexclusive hypotheses to
address this question. The “mechani-
cal stress” hypothesis states that
abnormalities in nuclear structure,
which result from lamin mutations,
lead to increased susceptibility to cel-
lular damage by physical stress. This
hypothesis is supported by observa-
tions that fibroblasts from patients
with lamin A/C mutations and trans-
fected cells expressing the mutant pro-

 




